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Abstract 
About 20% stiffness increase is observed during the first 104 cycles of short gauge length plain 
woven Carbon/Epoxy coupons with layup [#(45/-45)]24 subjected to uniaxial compression 
fatigue. Post-mortem inspection revealed that the aluminium tabs of the coupons, to facilitate 
load introduction from the clamps, had partially debonded during testing. The effect of tab 
debonding is investigated through numerical simulation. This confirmed that tab debonding is 
responsible for significantly altering the stress state in the gauge section which results in an 
apparent stiffening of the sample during fatigue loading. Hereby, the authors offer a new cause 
for stiffness increase of composite coupons in fatigue tests. Also, it is shown that quantification 
of tab debonding is necessary to prove the validity of fatigue tested short gauge length coupons. 
 
 
1 Introduction 
Sometimes, the measured material stiffness during fatigue testing of composite materials 
(momentarily) increases rather than decreases. Shokrieh and Lessard [1], [2] documented an 
8% to 13% stiffness increase for Uni-Directional (UD) Carbon/Epoxy coupons subjected to 
Tension-Tension (TT) fatigue in the longitudinal or transversal fibre direction. Brunbauer et al. 
[3] show steady increase in stiffness up to about 1% towards the end of life of UD 
Carbon/Epoxy coupons with layup the off-axis layup [45]. Recently, Stelzer et al. [4] showed 
an initial stiffness increase of about 6% in the first 103 cycles of UD Glass/Epoxy coupons with 
layup [0/45/90/-45/0]2s subjected to TT fatigue at R=0.1. 
 
In the mentioned research multiple causes for this stiffness increase are proposed. Shokrieh and 
Lessard [1], [2] proposed that the increase is caused by the realignment of some fibres with the 
loading direction. Brunbauer et al. [3] indicated that slippage of the extensometer, due to 
realignment of the off-axis fibres with the loading direction, lead to a false increasing strain 
amplitude. The latter is supported by measurements of the coupon stiffness from actuator force 
and displacement which did not show a stiffness increase. Stelzer et al. [4] do not discuss the 
stiffness increase.  
ICFC 7 – the 7TH International Conference on Fatigue of Composites 
Vicenza, Italy, 4-6 July 2018 
 
2 
 
 
Other literature where a stiffness increase is clearly shown does not discuss any possible reason. 
Remark, however, that in both the work of Brunbauer et al. [3] and Stelzer et al. [4] this stiffness 
increase only shows in graphs where a logarithmic scale is used for the axis depicting the 
number of cycles to failure. For example, Figure 1 shows the results by Stelzer et al. [4] for the 
two cases where a logarithmic and linear scale for the horizontal axis is used. In the linear 
diagram, Figure 1b, the stiffness increase is clearly hidden from view. Since most authors [5]–
[11] use the linear scale it is therefore possible that stiffness increase has remained undetected 
in a significant amount of studies. 
 
 
Figure 1. Relative Young’s modulus versus number of cycles. (a) logarithmic diagram, (b) linear diagram. [4] 
 
The given reasons for stiffness increase are quite reasonable and are being generally agreed 
upon. They have, however, not been thoroughly investigated. Note that both explanations are 
based on realignment of the fibres with the loading direction. This is not valid under 
compression loading where the fibres are expected to buckle or deviate from the loading 
direction. They can therefore not be used in this work where, during Compression-Compression 
(CC) fatigue loading of short gauge length coupons with layup [#(45/-45)]24 , a 20% stiffness 
increase is observed in the first 104 number of cycles.  
 
Post-mortem inspection of the specimens, however, showed that (partial) tab debonding had 
occurred. For long gauge length samples, tab debonding is not expected to influence the 
stress/strain distribution in the gauge section. However, to avoid buckling in compression 
specimens with a short gauge length were used. Due to the load introduction by the clamps this 
resulted in a multiaxial stress state in the gauge section. It is therefore hypothesized that partial 
debonding of tabs can influence the boundary conditions in the gauge section and, as a result, 
change the local stress/strain distribution which gives a measured stiffness increase. Whether 
this hypothesis is valid has significant implications for future short gauge length tests. Including 
tab debonding as damage phenomenon or avoiding it by selecting specific adhesives can 
become necessary. 
 
In this work, the influence of tab debonding on the determination of stiffness from the local 
measurement of strain is investigated. To get a good understanding of the debond process the 
experimental data is investigated in detail. The measurement approach taken is detailed 
followed by a characterization of stiffness evolution and the shape of the bond fracture surface. 
The phenomenon of tab debonding is investigated using a virtual analysis of a coupon including 
tabs, clamp restriction, tab debonding and nonlinear behaviour of the material. The behaviour 
of the virtual coupon is analyzed similarly to the experimental work. To replicate the data 
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analysis done during the experiments, the strain in the virtual gauge section is analyzed by 
tracking the nodes located at the centerline of the sample. The stress cannot be measured locally 
and is estimated by division with the initial cross-sectional area of the coupon. The resulting 
stress-strain graphs and simulated stress/strain distribution in the gauge sections are compared. 
 
In the following section the experimental program, data-acquisition and results are given. This 
is followed by the virtual test campaign in Section 3. Section 4 contains the conclusions. 
 
 
2 Experimental program 
Test coupons with layup [#(45/-45)]24  were manufactured from laminated plates of plain woven 
Carbon/Epoxy material, “TR3110 360GMP”', supplied by Mitsubishi Chemical Corp. To allow 
recording of the gauge section with cameras for the use of Digital Image Correlation (DIC), the 
gauge section of the coupon must be free from visual obstruction. Therefore it is decided to use 
a coupon design with unsupported gauge length as depicted in ASTM D3410 [12]. Hereby, the 
size of the gauge section is chosen sufficiently short such that column buckling does not occur 
before specimen failure. 
 
The laminate is 5.7mm thick. Considering the possible decrease of laminate stiffness by 50% 
due to nonlinear behaviour in shear, a relative short gauge length of 25mm was taken to ensure 
buckling would not occur before final failure [12], [13]. Rectangular aluminium tabs with a 
thickness of 1.8mm were used for a proper load introduction from the clamps. The tabs are 
bonded to the plates using Loctite 480 cyonacrylate adhesive and coupons are subsequently cut 
from the plates using water jet cutting. On the coupon surface, a speckle pattern was applied 
such that surface strains could be identified using DIC. The dimensions of the coupons are 
shown in Figure 2. 
 
 
Figure 2. Compression coupon dimensions (mm) 
 
The specimens were subjected to a CC fatigue load at a maximum stress of 60% of the static 
strength and stress ratio R=10 on an Instron 100 kN Hydraulic test bench. Before the 
experimental work was started, the clamps were carefully aligned using a dedicated Instron 
alignment kit. This was done to avoid premature buckling of the specimen due to clamp 
misalignment. Other than applied load and actuator displacement, which were obtained from 
the test bench, a single camera positioned perpendicular to the sample surface was used to 
record the speckle pattern. DIC was favored over the classical extensometer because it does not 
suffer from slipping and allows to capture a strain field rather than a single strain value. With 
one camera the in-plane strains on the surface can be captured. Normally, a 3D camera system 
with 2 cameras is preferred because it allows to calculate the out-of-plane movement of the 
investigated surface. It was decided, however, to use the 2nd camera to visualize the side of the 
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specimen to track ply delaminations. Consequently, only one camera remained to capture the 
front. 
The camera, a PtGrey Grasshopper 3, has a 5 MP sensor and maximum frame rate of 75 fps. 
The high frame rate of the camera in combination with a fatigue frequency of 3 Hz allows to 
capture the strain field at 25 intervals in a single load cycle. This is sufficient to capture the 
entire strain field hysteresis loop without the need to stop the fatigue test and provides unique 
information about the longitudinal and transverse local strains. Important with these 
measurements is synchronization between cameras and measured analog signals. At test 
frequencies of 3 Hz, a delay between the measurement of the strain signal and the images taken 
by the camera of only 15 ms can cause more than 3% deviation between the actual and measured 
stiffness. For this reason, an in-house developed system, which allows both analog data 
processing and hardware triggering of the cameras, was used. A thermocouple is attached to 
the back of the specimen to follow the self-heating of the samples.  
The speckle images taken during loading of the specimen were analyzed using Vic-2D by 
Correlated Solutions. Lens distortions were corrected for by performing a rigid body motion of 
a speckle pattern in the field of view together with the inverse mapping technique. In terms of 
subset, the software suggested size (typically around 30-50 pixels) based on the speckle pattern 
and image resolution was used. Pixel distribution was analyzed using Gaussian subset weights 
with 6-tap spline interpolation. These typically provide a good combination and balance 
between spatial and displacement resolution and accuracy and correlation time. As correlation 
criterion, the normalized sum of square differences was used as a criterion. The consistency 
threshold, confidence margin and matchability threshold are kept at the default values of 0.02, 
0.05 and 0.1 respectively. To process the strain field a filter size of 15 were used and the 
Lagrangian strain tensor requested. After data processing, the inspector extensometer tool is 
used to obtain a strain value from the displacements of two points selected on the specimen. 
These points are chosen at about ¾ of the gauge length. A typical strain distribution can be seen 
in Figure 3. 
 
 
Figure 3. Vertical strain distribution from DIC. Sample 37 at 4,279 cycles with layup [#(45/-45)]24 and virtual 
extensometer (white) (local DIC coordinate system) 
x 
y 
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Figure 3 shows a virtual extensometer and the influence of tabs near the tab edges which are 
located on the top and bottom of the strain field. The extensometer provides a measure for the 
strain in the gauge section. The weaving pattern is clearly visible in the strain pattern. The 
engineering stress in the cross section is calculated using the force measured (𝑭) from the test 
bench and the cross-sectional area (𝑨) of the coupon: 
 
𝜎𝑥𝑥 =
𝐹
𝐴
  (1) 
 
The strain and force measurement are combined to obtain the hysteresis loops at several cycle 
intervals during the fatigue test. An example of the resulting hysteresis loops and stiffness 
evolution, defined as the slope between the maximum and minimum stress in a cycle, can be 
seen for testID 42 in Figure 4. 
 
a) hysteresis loops            b) stiffness evolution 
Figure 4. Experimental hysteresis loop (a) and stiffness evolution (b) for testID 42 
 
Figure 4a does not only show a longitudinal stiffness degradation but also a large permanent 
strain evolution between the several cycle numbers depicted. Figure 4b clearly shows the 
evolution of stiffness. Note that for in the first 10 cycles the stiffness shows an initial drop. This 
is attributed to the fast damage increase while the test is running in (it takes approximately 10 
cycles before the maximum load is reached by the test bench). Between 10 and 104 cycles the 
stiffness of the coupon clearly increases by about 20% after which a steady decrease is 
observed. Figure 4b shows the stiffness evolution for one experiment. To show that this 
observation is not a single occurrence, Figure 5 shows the laminate stiffness evolution for the 
three repetitions where 
𝜎𝑚𝑎𝑥
𝜎𝑠𝑡𝑎𝑡
= 60% and 𝑅 = 10. Clearly, all samples tested show the same 
behaviour. 
 
During fatigue testing, it was noted that black powder debris formed around the tab edges. After 
testing the specimens were thoroughly inspected. First, the specimen edges and tab regions 
were polished and inspected microscopically. From this, it was first seen that the adhesive used 
to bond the tabs and coupons had degraded and in some cases completely disappeared from the 
gauge section onward as it can be seen in Figure 6b. It is emphasized that tabs only partially 
debonded and were, with a few exceptions, still firmly attached to the specimens after failure 
or run-out. Nevertheless, to investigate the full extent of the debond the tabs were, after testing, 
mechanically removed from the specimens using a wedge. A representative result can be seen 
in Figure 6a. After removal of the tabs, the bonded area showed, starting from the gauge section, 
a smooth surface characterized by a V-shaped transition to a rougher surface where adhesive is 
clearly still present. Considering the observed debris during fatigue loading it is therefore 
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hypothesized that the smooth surface was formed from repeated grinding between the tab and 
coupon surface after the adhesive started to deteriorate during the fatigue test. The rougher 
surface is caused by the mechanical (quasi-static) removal of the tabs after the test. 
 
 
Figure 5. Normalized stiffness evolution for testID 34, 37 en 42, 
𝝈𝒎𝒂𝒙
𝝈𝒔𝒕𝒂𝒕
= 𝟔𝟎% and 𝑹 = 𝟏𝟎 
 
 
Figure 6. Fatigue debond of tabs: V-shape (a). Microscopy (b) 
 
Considering general knowledge about composite material behaviour under fatigue it is unlikely 
that this stiffness increase is caused by inherent material behaviour. It seems that in this case 
the observed debonding of tabs could have had a significant influence on the measured 
hysteresis loops obtained. In the next section, this hypothesis is investigated numerically.   
Aluminium tab 
Composite laminate 
Debond 
b) a) 
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3 Virtual coupon test 
To investigate the influence of tab debonding the coupons are numerically modelled using 
commercial Finite Element (FE) software.  
 
The investigation in this work is limited to showing the effect of tab debonding on the stress-
strain distribution and measurement in the gauge section. The authors do not aim to model the 
behaviour of the coupon in a complete fatigue FE simulation. The latter would not only require 
a fatigue material model of the Carbon/Epoxy material but also knowledge about the debond 
rate of the tab adhesive in fatigue loading in at least mode II and mode III fracture modes. 
Additionally, such an analysis would require extensive computational resources for which the 
use is not justified considering the limited knowledge of the material behaviour and the fact that 
it is only required to unveil the mechanism, rather than exactly replicate the experiments. 
 
To show the mechanism of tab debonding and its influence on the stress/strain state in the gauge 
section it is sufficient to perform a quasi-static Loading-Unloading (LU) analysis. In this 
simulation the specimen is first loaded (in compression) while the tabs are allowed to debond 
until the debond size is large. Next the coupon is unloaded to identify the effect of the debond 
on the stress/strain distribution. 
  
The FE model is constructed such that it matches the experimental boundary conditions as 
closely as possible. This includes modelling of the coupon, tabs, tab debond and the 
compression action of the hardened steel hydraulic clamps on the tab surfaces. An overview of 
the coupon model is shown in Figure 7. The figure shows the rectangular coupon with 
composite material in dark green and aluminium tabs in red. Note that between tabs and coupon 
a surface contact definition is placed. To model the adhesive the surfaces are initially put in 
contact. A maximum nominal stress criterion is used to govern initial detachment, hence 
debond, of the surfaces. Debond propagation is modelled using the BK-criterion (Benzeggagh-
Kenane) [14]. The contact controls and contact behavioural model are built-in in the software.  
 
The properties for the damage initiation are taken from the Loctite 480 datasheet [15]. The 
properties for propagation are taken equal to the interlaminar fracture energy for a typical 
Carbon/Epoxy laminate because these are not available from the datasheet [16]. A summary of 
contact properties is given in Table 1. 
 
 
Figure 7. Overview of coupon model with aluminium tabs, composite layup and contact bond definition 
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Property Value 
Tangential behaviour Frictionless 
Normal behaviour Hard contact 
Cohesive behaviour Only slave nodes initially in contact 
Default traction separation behaviour 
Damage Initiation Maximum nominal stress [15] 
𝝈𝒏𝒐𝒓𝒎𝒂𝒍 = 𝟏𝟎𝑴𝑷𝒂 
𝝉𝟏 = 𝟐𝟎𝑴𝑷𝒂 
𝝉𝟐 = 𝟐𝟎𝑴𝑷𝒂 
Damage Evolution BK criterion [16], Exponential 
softening 
BK power = 1.634 
𝑮𝑰𝒄 = 𝟎. 𝟐𝟕𝟕 𝑵/𝒎𝒎 
𝑮𝑰𝑰𝑪 = 𝟎. 𝟕𝟖𝟖 𝑵/𝒎𝒎 
𝑮𝑰𝑰𝑰𝒄 = 𝟎. 𝟕𝟖𝟖 𝑵/𝒎𝒎 
Damage stabilization 0.001 
Table 1. Tab debond properties 
 
The actions by the clamps, both the compressive force from gripping the specimen and the 
longitudinal movement/force, are abstracted using a number of assumptions. First, the clamp 
and tab surface are assumed to stay in full contact and do not slip. Second, the hardened steel 
clamp is assumed to be infinitely stiff compared to the aluminium tab. The surface of the tabs 
which touches the clamps is thus assumed to be in a zero strain state with respect to the xy-
plane. The uniform displacement of the tab surfaces in the x and y direction can then be obtained 
with constraint equations and reference points: 
{
 
 
 
 𝑢𝑠𝑢𝑟𝑓,𝑖 − 𝑢𝑅𝑃,𝑘 = 0 𝑖 = 1,2; 𝑘 = 1
𝑢𝑠𝑢𝑟𝑓,𝑖 − 𝑢𝑅𝑃,𝑘 = 0 𝑖 = 3,4; 𝑘 = 2
𝑣𝑠𝑢𝑟𝑓,𝑖 − 𝑣𝑅𝑃,𝑘 = 0 𝑖 = 1,2; 𝑘 = 1
𝑣𝑠𝑢𝑟𝑓,𝑖 − 𝑣𝑅𝑃,𝑘 = 0 𝑖 = 3,4; 𝑘 = 2
  (2) 
 
Where 𝒖 and 𝒗 are the displacements in the 𝒙 and 𝒚  direction respectively. 𝒔𝒖𝒓𝒇, 𝒊 refers to 
the tab surface 𝒊 and 𝑹𝑷,𝒌 is reference point 𝒌. The denotations are illustrated in Figure 8. The 
pressure force executed by the clamps is implemented in a similar way: 
{
 
 
 
 𝑤𝑠𝑢𝑟𝑓,𝑖 − 𝑢𝑅𝑃,𝑘 = 0 𝑖 = 1; 𝑘 = 1
𝑤𝑠𝑢𝑟𝑓,𝑖 − 𝑢𝑅𝑃,𝑘 = 0 𝑖 = 3; 𝑘 = 2
𝑤𝑠𝑢𝑟𝑓,𝑖 − 𝑣𝑅𝑃,𝑘 = 0 𝑖 = 2; 𝑘 = 3
𝑤𝑠𝑢𝑟𝑓,𝑖 − 𝑣𝑅𝑃,𝑘 = 0 𝑖 = 4; 𝑘 = 4
  (3) 
 
where 𝒘 is the displacement in 𝒛 direction. With Equation 2 and Equation 3 the specimen can 
be loaded as is done with the clamp heads. For the longitudinal force/displacement (along x-
direction) RP-2 is fully fixed and load is applied to RP-1. The clamp compression stress 
(10MPa) is applied to RP-4 and RP-3. This is also indicated in Figure 8. 
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Figure 8. Detailed view of clamp load abstraction using reference points 
 
For the aluminium tabs, an isotropic linear elastic material behaviour is used with a Young’s 
modulus of 72 GPa and Poisson’s ratio of 0.3. Strictly, to solely investigate the influence of tab 
debonding on the stress/strain in the gauge section the Carbon/Epoxy material can be modelled 
using a linear elastic transverse isotropic material model. It is known, however, that the material 
behaviour of woven plies subjected to shear loading shows large damage and permanent strain 
increase. To provide some resemblance to the realistic behaviour the Carbon/Epoxy material is 
modelled using a phenomenological material model for woven materials developed by Hochard 
and Miot [17]. The model finds its origin in the UD ply phenomenological model by Ladevèze 
et al. [18] and provides a global behaviour in terms of anisotropic permanent strain evolution 
and stiffness degradation due to internal damage such as diffuse debonding and microcracking. 
Key features are that damage is introduced as a reduction of the ply stiffnesses, and the 
evolution laws are governed by the thermodynamic forces associated with damage 
development. The ply stiffnesses are given by: 
 
𝑬𝟏 = 𝑬𝟏
𝟎(𝟏 − 𝒅𝟏) 
𝑬𝟐 = 𝑬𝟐
𝟎(𝟏 − 𝒅𝟐)          (4) 
𝑮𝟏𝟐 = 𝑮𝟏𝟐
𝟎 (𝟏 − 𝒅𝟏𝟐) 
 
where 𝒅𝒊 is the damage in the 𝒊-th direction and 𝐸 and 𝐺 are the longitudinal and shear Young’s 
moduli. Direction 1 is aligned with the ply fiber direction and direction 2 is aligned transverse 
to the fibres in the plane of the ply. The development of 𝒅𝒊 is governed by the following 
evolution laws: 
 
{
𝒅𝟏 = 𝟏 𝒊𝒇 𝒀𝒅𝟏 > 𝒀𝟏,𝒔𝒕𝒂𝒕
𝒅𝟏 = 𝟎 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆
 
𝒅𝟐 = 〈𝟏 − 𝒆
−(𝒀𝒆𝒒−𝒀𝟎)〉+         (5) 
𝒅𝟏𝟐 = 𝒄𝒅𝟐 
 
where 〈 〉+ denote the McCauley brackets for the positive part. 𝒄 is a constant which relates 
damage in the shear direction to the development of transverse damage. The thermodynamic 
forces are the derivative of the strain energy density with respect to the respective damage 
variable: 
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𝒀𝒅𝒊 =
𝝏𝑬𝑫
𝝏𝒅𝒊
=
(〈𝝈𝒊〉+)
𝟐
𝟐𝑬𝒊
𝟎(𝟏 − 𝒅𝒊)𝟐
𝒇𝒐𝒓     𝒊 = 𝟏, 𝟐 
𝒀𝒅𝟏𝟐 = 
𝝏𝑬𝑫
𝝏𝒅12
=
𝝈𝟏𝟐
𝟐
𝟐𝑮𝟏𝟐
𝟎 (𝟏−𝒅𝟏𝟐)𝟐
         (6) 
𝒀𝒆𝒒 = 𝒂 (𝒀𝒅𝟐)
𝒎
+ 𝒃(𝒀𝒅𝟏𝟐)
𝒏
 
 
In Equation 6 𝒂, 𝒃, 𝒎 and 𝒏 are material parameters used to construct the equivalent 
thermodynamic force 𝒀𝒆𝒒 (see Equation 5). 𝒀𝟏,𝒔𝒕𝒂𝒕 and 𝒀𝟎 are respectively the thermodynamic 
force at fibre failure and the threshold thermodynamic force for damage development start.  
Evolution of the permanent strain is governed by a kinematic yield surface: 
  
𝒇 = |𝝈𝟏?̃? − 𝒉𝜺𝟏𝟐
?̃?
| − 𝑹𝒐         (7) 
 
Where 𝒉 controls the rate of permanent strain evolution and 𝑹𝟎 is the initial threshold. The 
symbol  ̃  indicates the effective stress and strain for 𝜎 and 𝜀12 respectively. Their definition 
can be found together with the model details in [17]. The material parameters were determined 
from static tensile testing according to the procedure in [17] and [18]. The values are shown in 
Table 2. Note that a significant share of the parameters outlined needed to be estimated from 
literature. The parameters determined with confidence mainly consider the behaviour of the 
plies in shear direction. 
 
Parameter Value 
𝑬𝟏[MPa] 102.6* 
𝑬𝟐[MPa] 11.4* 
𝑬𝟑[MPa] 11.4* 
𝑮𝟏𝟐[MPa] 3.6 
𝑮𝟏𝟑 [MPa] 3.6** 
𝑮𝟐𝟑 [MPa] 2.5** 
𝝂𝟏𝟐 [-] 0.3** 
𝝂𝟏𝟑 [-] 0.3** 
𝝂𝟐𝟑 [-] 0.46** 
𝒀𝟎 [MPa] 0.12 
𝑹𝟎 [MPa] 26.7 
𝒉 [MPa] 37871.5 
𝒂 [-] 0.7*** 
𝒃 [-] 0.58 
𝒄 [-] 1*** 
𝒎 [-] 0.75*** 
𝒏 [-] 0.42 
𝒀𝟏,𝒔𝒕𝒂𝒕 [MPa] 7.2 
*Assumed 𝟎. 𝟏𝟏𝑬𝟏,𝑼𝑫 = 𝑬𝟐,𝑼𝑫 **estimated from [19] 
*** estimated from [17] 
Table 2. Material properties for the Miot-Hochard mesomodel 
 
The attentive reader has noticed that the damage evolution equations, Equation 5, fit the 
behaviour of a Uni-Directional (UD) ply rather than the behaviour of a woven ply. In fact, a 
woven ply is not expected to show significant stiffness degradation in the transverse direction 
because this direction also contains reinforcing fibres. A brittle failure is, therefore, more likely. 
Miot and Hochard correct for this by assuming that a woven ply can be regarded as an 
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equivalent stack of 2 UD plies oriented perpendicularly to one another. The thickness of the 
individual UD plies is weighted by the ratio of the fibres placed in normal and transverse 
direction, Figure 9. In the case of this material, the weave is balanced. Therefore, the woven 
ply is divided into two UD plies where each ply has half the thickness of the woven ply. 
 
 
 
Figure 9. Generalization of woven ply by stack of 2 UD plies  
 
The data from the simulations has to be processed in a similar way as was done during the 
experiments to be able to investigate the effect of tab debonding on the measurements. To this 
end, RP-1 is displaced in the negative x-direction such that the coupon is subjected to 
compression. The reaction compressive force in RP-1 is then representative for the force 
imposed on the coupon. The average stress in the gauge section can be calculated using 
Equation 1. As aforementioned, the global strain in the gauge section is taken similarly as done 
from the DIC pattern in the experiment. Two nodes closest to ¾ of the gauge length are selected 
and their position tracked. The simulated engineering strain is then given by the division of 
distance change by the initial distance between the nodes. 
 
𝜺𝒙𝒙 =
𝚫(𝒙𝒏𝒐𝒅𝒆𝟏−𝒙𝒏𝒐𝒅𝒆𝟐)
|𝒙𝒏𝒐𝒅𝒆𝟏−𝒙𝒏𝒐𝒅𝒆𝟐|
           (8) 
 
Before the model is used to investigate tab debonding, a mesh convergence study is performed 
to determine the maximum converged mesh size. For this purpose the debonding of the tabs is 
disabled (the tabs stay attached during the entire analysis) and the global stress-strain curve is 
compared for increasingly finer mesh sizes. The result is shown in Figure 10 where a mesh size 
of 1.67mm is sufficiently small to achieve converged global stress-strain behaviour. 
 
 
Figure 10. Global stress-strain curve for multiple mesh sizes 
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When consulting the local stress distribution in the gauge section for the converged mesh size 
it is confirmed that the ply shear stress distribution in the gauge section is not uniform in the 
gauge section. This is illustrated for the time step t=0.65 in Figure 11. Figure 10 shows the 
position of this time step in the global stress strain diagram by the red asterisk. 
 
 
Figure 11. In-plane shear stress [MPa] of the top ply, Miot-Hochard scheme, at t=0.65 for a mesh size of 
1.67mm 
 
The analysis of the coupon with the mesh size of 1.67mm is now repeated with debonding 
between tabs and coupon activated. Additionally, the loading cycle is changed such that after 
first debonding the coupon is unloaded to zero stress (e.g LU scheme). This is done to identify 
possible changes in the global stiffness of the specimen. The resulting global stress-strain 
behaviour together with a comparison to the specimen where debonding is not activated is 
shown in Figure 12. The chronological evolution of stress and strain is shown with arrows. 
 
 
Figure 12. Global stress-strain behaviour of a specimen with and without debonding 
 
2 
1 
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For the coupon with tab debonding the global stress-strain behaviour initially shows the same 
behaviour as the coupon without debonding. At a stress of about 32 MPa the curve starts to 
show a lower strain for approximately the same load. Next, when unloading one can clearly see 
that the stiffness of the coupon has increased (17%) compared to the initial situation where no 
debonding is present. Indeed, upon inspection of the simulation data, it is seen that the quasi-
longitudinal region where the global strain reduces for approximately the same load is 
characterized by a large growth of the size of the debond between tabs and coupon. To illustrate, 
Figure 13 shows the amount of debonding at debond onset, t=0.20 and after development of a 
large debond as shown in Figure 13a and Figure 13b respectively. The reference positions in 
the global stress-strain curve of both times are shown in Figure 12 by the red and black asterisk. 
t=0.20 is chosen as a reference time because the debond initiates, t=0.75 is subsequently 
selected because the load on the coupon is closest to the load applied at t=0.20. Note that the 
shape of the debond shows a V-shape. This agrees with the V-shaped transition zone observed 
in the experimental program as shown in Figure 6a. 
Figure 13. Size and shape of tab debond a) at t=0.20 debonding starts b) at t=0.75 large debond 
 
The stress fields of the in-plane ply shear stress for the selected instants are shown in Figure 14 
with and without tabs (to show the stress distribution in the composite below the tabs). The 
coupon with debonding activated initially shows the same non-uniform stress field as the 
coupon without debonding (Figure 11 and Figure 14a). Also, it is noted that the stress beneath 
the tabbed region drops to zero, Figure 14c. This is in contrast with the situation where the tabs 
have partially debonded, Figure 14b. Here the stress field is clearly more uniform and the 
Carbon/Epoxy underneath the debonded tabbed region is now subjected to large significant 
stress levels, Figure 14d. 
a) t=0.20 
b) t=0.75 
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Figure 14. In-pane ply shear stress distribution at reference times t=0.20 (a,c) and t=0.75 (b,d) with and without 
tabs shown 
 
These observations unveil the mechanism behind the apparent stiffness increase seen in the 
coupons. The debonding of the tabs effectively increases the size of the gauge section 
underneath the tabbed region and inside the clamps. The larger gauge section allows the load, 
introduced by the clamps, to redistribute more evenly over the larger gauge section which 
results in a more uniform distribution of the stress/strain field observed by the DIC camera. 
This results in an apparent increase in stiffness of the sample. 
 
In fact, the initial non-uniform stress distribution, due to the short gauge length, results in a 
false measurement of stiffness of the coupon. This is easily proven by comparing the global 
stress-strain behaviour of a coupon with a long and short gauge length as shown in Figure 14. 
Clearly, the coupon with a long gauge section, where a uniform stress distribution is present 
from the start, shows the stiffer behaviour.  
 
 
Figure 15. Global stress strain behaviour for a coupon with long and short gauge length without tab debonding 
a) t=0.20, tabs in grey 
c) t=0.20, no tabs shown 
b) t=0.75, tabs in grey 
d) t=0.75, no tabs shown 
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The observations done from the quasi-static simulation of the observed damage mechanisms 
can now be connected to the observations from the fatigue experiments. During fatigue loading 
it is well known that damage mechanisms develop at a much slower rate when compared to 
static loading. As such it is hypothesized that in the first 104 cycles of the experiment the bond 
between tab and coupon deteriorates much slower than shown in the quasi-static simulation. 
The slow deterioration results in a slow redistribution of the stress field which consequently 
shows as an apparent increase of global stiffness of the coupon. The apparent stiffness increase 
halts when the debond is large enough to produce a uniaxial stress state in the gauge section 
after which the distribution, provided that the maximum load stays the same, does not change 
anymore under influence of the tabs. As a result, what follows is the natural reduction of the 
specimen stiffness due to matrix cracking and delamination. 
 
Note that this hypothesis is only valid when the stiffness reduction of the Carbon/Epoxy weave 
(due to fatigue) is slower than the stiffness increase by tab debonding. Since it is known that 
degradation of the material is influenced by the fatigue load it is therefore conceivable that the 
stiffness increase is less prominent at higher loads (Figure 5 shows the results for a maximum 
stress of 60% of the static strength). Currently the experimental program is being expanded to 
investigate this. 
 
 
4 Conclusions 
The results presented in this paper show that tab debonding can cause an apparent increase in 
stiffness of the stress-strain hysteresis loop during fatigue loading of a composite coupon.  
 
The mechanism behind the stiffness increase is identified as a transition from a multiaxial stress 
state to a uniaxial stress state from the increase in gauge length due to partial debonding of the 
tabs. Although in this work a focus is laid on CC fatigue, the same phenomena can occur in TT 
fatigue if the size of the gauge section is not sufficiently large to produce a uniform stress field, 
or if the measurement of strain on the sample was done near the clamped region.  
 
Hereby the authors provide an alternative explanation for apparent stiffness increase in fatigue 
loading than the common explanation of fibre reorientation [1]–[3]. The tab debond process 
can significantly change the stress/strain state in the gauge section of a short gauge length 
coupon. In this case the test data was processed as if the stress state is uniaxial. Therefore, the 
data in Figure 4 and 5 is corrupt at least until the peak stiffness. After that the increased gauge 
section due to the tab debond was sufficiently large such that it did not influence the stress 
distribution anymore. Note, however, that the validity of the test data is largely dependent on 
the adhesive used. Depending on the quality of the adhesive the scenario can be different. For 
example, it is possible that the stiffness increase by degradation of the tab bond is countered 
fully by the decrease in stiffness of the material. In that case the measured stiffness would 
remain constant until failure. Even worse, it is possible that the stiffness increase by bond 
degradation is slower than the stiffness decrease of the material. Then the measurement would 
show a regular gradual degradation of the stiffness which is, nonetheless, equally invalid 
because the degradation would be slower than in reality.  
 
For future short gauge length uniaxial compression tests, it is extremely important to quantify 
tab debonding. This can be done by tracking the phenomenon during the experiment or perform 
post-mortem inspection underneath the tabbed section. If a uniaxial stress field is required in 
the gauge section, preferably the influence of the tabs or clamps should be avoided. For tensile 
tests this can easily be done by using specimens with a longer gauge section (rectangular or 
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dumbbell shaped). For coupons subjected to Tension-Compression or Compression-
Compression loading one can resort to tests where there is less uncertainty about the strain 
distribution. For example in pure bending or tube tests. 
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